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Abstract 
This report describes a methodology for the design and coupling of a proton exchange membrane (PEM) 
Fuel Cell to an Unmanned Aerial Vehicle (UAV). The report summarizes existing work in the field, the 
type of UAV and the mission requirements, design the fuel cell system, simulation environment, and 
compares endurance and range to when the aircraft is fitted with a conventional internal combustion 
engine (ICE). 
1. Introduction 
 
Research on the design and path planners for unmanned aerial vehicle (UAVs) is rapidly increasing. 
Some examples include [1-5].Research indicates that a fuel cell electric propulsion system can be 
beneficial for small (UAVs) used for long endurance, search and rescue, military and homeland security 
missions [6]. Electric fuel cell only operation system eliminates exhaust emissions that pollute 
environment and may interfere with onboard sensors [6]. Various government agencies have started  to 
realize these benefits and are considering fuel cell electric propulsion  for UAV applications.  
This work aims to design, and model a fuel cell powered UAV suitable for search and rescue missions. As 
shown in Figure 1.1 this is a  multidisciplinary design problem which involves a number of disciplines 
aerodynamics, structures, flight control, mission , simulation, etc.  
The rest of the report is organized as follows, section 2 provides background on fuel cell powered UAS, 
section 2 provides an overview of aircraft requirements and mission scenario. Section 3 describes the fuel 
cell and it’s auxiliary system design, section 4 provides details on dimensioning of the  of the original 
Aerosonde UAV is calculated and a concept Fuel Cell System into the UAV is shown. Section 5 presents 
a Fuel Cell demonstration using MATALB/AeroSim-Blockset. Finally Section 6 provides a summary of 
lessons learnt and challenges faced while doing this investigation. 
2.Background  
Power for UAVs traditionally relies upon fossils fuels, which have several disadvantages: a) they produce 
large amounts of pollutants, (b) they are of limited supply and c) they cause global conflict between 
regions. In addition there are only 30 years left of the supply of fossils fuels [8].  
Considering fuel cells system to power a  UAS is not a new concept. The Naval Research Laboratory 
(NRL) for example flew a 5.6-pound ‘Spider-Lion’ micro UAV for three hours, 19 minutes, with a 
Protonex fuel cell power system fuelled by compressed hydrogen as the sole source of power for the 
duration of the flight[22]. A team from the Korea Advanced Institute of Science and Technology 
(KAIST) led by Prof. Kwon Se-jin and Shim Hyun-chul succeeded in fitting out a small UAV with a fuel 
cell and performed a long-endurance flight. According to Prof. Kwon the hydrogen fuel cell produces 
about 10 times more electricity than existing batteries. . The UAV measures 1.2 m wide and 0.7 m high 
and weights 2 kg, including the 750 g fuel cell system. The fuel cell drone can fly more than 15 hours 
[11]. Georgia Institute of Technology researchers have conducted successful test flights of a hydrogen-
powered unmanned aircraft believed to be the largest to fly on a proton exchange membrane (PEM) fuel 
cell using compressed hydrogen. The fuel-cell system powers a 22-foot wingspan aircraft and generates 
500 watts [23]. 
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Figure -1.1 Multi-disciplinary design of a fuel Cell System for an UAV 
 
There are some limitations when using fuel cells on a UAV as when it burns, a hydrogen flame is 
virtually invisible which coupled with the gas’s propensity for escaping creates concerns about possible 
explosion. A second  issue is that hydrogen storage tank are usually large for a small UAV.  
Even though there are proven operational concepts using fuel cells, such as the ones described above, 
details on how the fuel cell was fitted and designed and simulated are not available. In this report we will 
illustrate a methodology for designing, coupling and simulating a fuel cell power system to a UAV. 
3. Aircraft, Requirements and Mission 
Aircraft and Requirements  
Requirement in this work we considered the  application of the methodology  to the design of small type 
of UAS similar to the Aerosonde UAS [7] . The overall size of the fuel cell  system must not be bulky and 
have to be well-situated because further aircraft equipments such as the reconnaissance system which 
includes avionics sets, computers, UHF modem, GPS, control unit, a battery, sensors, camera etc must 
also fit inside an small reconnaissance UAV along side with the Fuel Cell and its auxiliary system. In 
addition, the heavier the aircraft the more energy it needs to take off and cruise. Figure 3.1 shows the 
layout and distribution and some dimensions for the UAV which will help us to define some requirements 
for the Fuel cell system design. 
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Figure 3. 1 UAS Layout and main dimensions for fuel cell system [7] 
The following requirements were defined: 
 Total dimension allocated for the Fuel Tank: π×r2×h= (π×102×30) =9424.8cm3 
 Total dimension allocated for the engine: : π×r2×h= (π×102×20) = 6283.18 cm3 
 Length, width and height of the hydrogen canister<  (30cm×20cm ×30cm) 
 Length, width and height of the fuel cell system <  (20 cm×20 cm×18cm) 
Some technical specifications of the UAS that will drive the design are presented in table 1. 
Table 1. UAS  Technical specifications 
 
Mission  
In order to examine the effectiveness and feasibility of the fuel cell system for a UAS mission a baseline 
mission scenario is constructed. This mission scenario includes basic UAS operations such as climb, 
cruise, and descent and loiters, and follows the mission profile in figure 3.2. A long-distance mission 
Full Fuel Load 11.02lb (5 kg) 
Aircraft empty weight 18.7391 lb ( 8.5 kg) 
Weight of the 24cc engine 2.2 lb (1 kg) 
Aircraft gross weight 33.069 lb ( 15.00 kg) 
Range 400nm 
Endurance 6.55 hours 
Maximum power required 1500 Watt 
    
          
 
 4 
scenario with a total distance travelled of approximately 400km has been constructed in order to clearly 
observe the performance of the fuel cell.  This realistic mission scenario utilises GPS waypoints located in 
central Queensland, Australia, as listed in Table 2 and indicated below in Figure 3.3. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Mission Profile (not to scale) 
 
 
 
Table-2 Mission Waypoints 
 
 Waypoint Coordinates 
Waypoint Latitude 
(DD:MM:SS) 
Longitude 
(DD:MM:SS) 
Altitude  
(m) 
WP1 
(Kingaroy Airport) 
26°34’51” S 151°50’28” E 300 
WP2 26°33’16” S 151°50’06” E 600 
WP3 
(Gayndah Airport) 
25°37’00” S 151°37’00” E 600 
WP4 25°34’59” S 151°39’00” E 1000 
WP5 
(Bundaberg Airport) 
24°54’14” S 152°19’07” E 1000 
WP6 24°49’19” S 152°21’37” E 500 
WP7 
(Bundaberg City Centre) 
24°52’00” S 152°21’00” E 500 
WP8 24°50’05” S 152°22’56” E 500 
WP9 
(Bundaberg Airport) 
24°54’14” S 152°19’07” E 1000 
WP10 24°55’10” S 152°19’43” E 1000 
WP11 24°58’26” S 152°21’50” E 600 
WP12 
(Maryborough Airport) 
25°31’00” S 152°43’00” E 600 
WP13 25°32’18” S 152°41’56” E 300 
WP14 
(Kingaroy Airport) 
26°34’51” S 151°50’28” E 300 
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Figure 3.3. Mission Scenario with GPS Waypoints in Central Queensland, Australia (image 
generated using Google™ Earth). 
 
The temperature and the wind speed characteristics were identified as shown in Figure 3.4 and 3.5. 
Ambient condition is an important factor in order to develop an accurate fuel cell UAV system. Section 3 
will describe the effect of ambient temperature and the power output from the fuel cell system. However, 
the aircraft simulation model has not yet taken into consideration the effects on wind (figure 3.4) on the 
performance of the aircraft during flight.  This will be included in future revisions of the aircraft 
simulation model. 
 
 
 
  
 
 
 
 
 
 
Figure 3.4 Average Wind speed in Queensland [Source: Australian Government Bureau of 
Meteorology] 
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Figure 3.5 Average Temperatures across Queensland [Source: Australian Government Bureau of 
Meteorology] 
4. Fuel Cell Design 
 
A. Overview  
A Proton Exchange Membrane (PEM) fuel cell consists of two porous carbon electrodes, the anode and 
the cathode, separated by a polymer electrolyte, the ion-conducting proton exchange membrane (PEM). 
Integrated between each electrode and the membrane is a thin layer of platinum catalyst. The electrodes, 
catalyst and membrane together form the membrane electrode assembly (MEA) and bipolar flow field 
plates, with gas channels grated into their surface, are placed on each side of the MEA [17]. The 
electrodes are connected to the electric motor which drives the UAV propeller. 
 
In order to obtain optimum performance from a fuel cell stack, the hydrogen and oxidant flow, water 
removal, and the voltage output should be optimized using external plant components. Fuel cell system 
designs range from very simple to very complex depending upon the fuel cell application and the system 
efficiency desired. A fuel cell system can be very efficient with a few plant components, as shown in 
Figure 4.1. Usually, the larger the fuel cell stack, the more complex the fuel cell plant subsystem. 
Modeling the fuel system efficiency and output allows the system designer to be more efficient when 
creating new systems [17 &18]. 
 
Most of the fuel cell system components needed for powering the  UAV are shown in Figure 4.1. They 
are  used to distribute air and hydrogen flows into and out of the cell stack. More elaborately discuss on 
the following sections. The part of the fuel cell system that is responsible for air flow includes a 
particulate filter for cleaning the system and a humidification module. There is also a pump/compressor to 
ensure an adequate supply of air into fuel cell stack. The hydrogen coming out of the system is cleaned 
and the pressure should be monitored before it exits the system. The temperature, pressure, water, and 
heat become more problematic, and need to be monitored more closely. Other additional components 
include a DC/AC converter and a motor to drive the propeller. Figure 4.1 shows an example of a fuel cell 
power train where the main components are: 
 
• Fuel cell stack 
• Air management system with a compressor and filter. 
• Water management system with humidifiers 
• Heat management system with a cooling circuit connected to heat exchangers and radiators 
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Figure 4.1 Simplified presentation of the power train of the fuel cell UAV 
B. Fuel Cell Stack Subsystem Design  
The first step in the design is to identify the number of fuel cells stacks and the area to produce the power 
required without exceeding the weight and the dimension requiremtns mentioned in section 3. The fuel 
cells must be placed in a fuel cell stack to evenly distribute fuel and oxidant and collect the current to 
power the desired UAV. The stack is usually made of repeating cells of MEA (membrane electrode 
assemble). Increasing the number of cells in the stack increases the voltage, while increasing the surface 
area increases the current. The most commonly used stack configuration is the bipolar configuration, 
which is very similar to how low batteries are designed. There are many alternative stack configurations, 
however, the materials, designs, and methods of fabricating the components are all similar [17, 18 &19]. 
 
As described  in section 3, Table-1, the fuel cell power system needs to deliver 1500 Watt power. There 
are commercial off-the shelf fuel cells but since weight of the fuel cell is one of the main concern, 
therefore by designing our own fuel cell stack we can control the overall weight of the fuel cell system. 
So, a considerations ion power and area required will be described. When considering the design of a fuel 
cell stack for a  UAV several limitations should be considered. Some of these limitations may include the 
following: 
 Size, weight, and volume at the desired power for  the aircraft. 
 Cost 
 Water management 
 Fuel and oxidant distribution 
 
There are two independent variables that must be considered- voltage, and current. The known 
requirements are the maximum power, voltage and current. The power output is a product of stack voltage 
(Vst) and current (I) [14]: 
IVW stFC                                      Eq 1 
 
The current is product of the current density and the cell active area [14]: 
 
Humidifier 
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                   I=i*Acell                                                       Eq. 2 
 
Where i is the rate of charge transfer.  
 
How  fast the electrochemical reaction occurs is dependent upon the rate that electrons are created or 
consumed. Therefore, the current is a direct measure of the electrochemical reaction rate. From Faraday’s 
law, the rate of charge transfer is [14]: 
 
                                                                                                 Eq.3 
 
Where Q is the charge and t is the time. If each electrochemical reaction results in the transfer of n 
electrons per unit of time, then [14] 
 
                                                                                                                              Eq.4 
Where   is the rate of electrochemical reaction (mol/s) and F is the Faraday’s constant (96400 
C/mol).  
 
Integrating this equation gives: 
                                                                                                                Eq.5 
 
The number of cells on the stack is determined by the maximum power requirement and the desired 
operating voltage of the UAV. The total stack potential is sum of the stack voltages or the product of the 
average cell potential and number of cells in the stack [14]: 
 
                                                                                                      Eq.6 
 
Equation 2 and 6 states that, increasing the number of cells in the stack increases the voltage, while 
increasing the surface area increases the current.  
 
C. Fuel cell output voltage and power  
 
The total output voltage from the Fuel cell is given by [16]: 
                                                                          Eq.7         
 
Where: 
 
VNernst the Nernst Voltage is: 
 
                                                             Eq.8       
 
 Gflq is the Gibbs function in liquid form (J/mol)  [15] 
 F: the Faraday’s constant (96400 C/mol) 
 R: Universal gas constant (8.134 J/mol K) [15] 
    
          
 
 9 
 =  
 PH2O is the pressure of water 
  PH2  is pressure of hydrogen 
 PO2  is the pressure of oxygen 
PH2O, PH2  and PO2 are often given as [19]:  
    Eq.9 
                                                                   Eq.10 
                                                               Eq.11 
PH and Pair are the pressure of hydrogen and air fed to the fuel cell system. 
 
Three major classifications of losses that result in the drop from open-circuit voltage are:activation 
polarization, Ohmic polarization, and concentration polarization.  
 
In equation 7 Vact, Vohmic and Vconic represent activation, ohmic (resistive), and mass concentration 
polarization.  Activation and concentration polarization losses occur at both the anode and cathode, while 
the resistive polarization represents Ohmic or resistance losses throughout the fuel cell.  The three voltage 
losses can be calculated by the following principles [19]: 
 
1. Activation Polarization 
                                                                                                              Eq.12                                                                                                        
 
 
                                                                  
2. Ohmic ( resistive) Voltage    
 
                                                                                                            Eq.13 
  
3. Concentration Polarization                                                                                                     
 
                                                                                          Eq.14                                                                             
 
Where: 
r: total internal resistance 
iL: limiting current density 
io: exchange current density 
alpha1: amplification constant 
The constant k is used mass transport. 
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α: Transfer coefficient;  between 0 to 1 and more specifically, between 0.3 to 0.7 for most 
electromechanically reactions [19]. 
The total power can be calculated by multiplying the total number cells, total voltage output, 
current and area of the cell, which will be: 
                                                                          Eq.15                              
C. Required number of stacks and cell area 
 
An algorithm was written to find the size, and number of fuel cell stacks inside the fuel cell system 
required.  
For illustration purposes, Figure 4.2 shows the simulation results for following parameters: 
Acell=100cm
2, 
Ncells= 50 cells 
Operation at a temperature of 33oC. 
, , , , 
Gflq=-285,826 J/mol [15] 
r= 0.19Ωcm2. 
Hydrogen pressure fed to fuel cell 5 atm (50.7 kPa) 
Oxygen pressure fed to fuel cell set 3 atm (30.3 kPa). 
As seen in figure 4.2 , gives us a total power output of 38kW which is much higher than the actual power 
required of 1500W.  
When considering, Ncell =50 and Acell  =38.5cm2 , we obtain the results in figure 4.3 
  
 
 
 
 
  
 
 
                     
Figure 4.2. Power generated by a fuel cell with 50, 100 cm2 /cell  fuel cell stack. 
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Figure 4.3. Power generated by a fuel cell with 50, 38.5 cm2/cell  fuel cell stack. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Voltage Polarization Curve for a  fuel cell consists of  50, 38.5 cm2/cell   fuel cell stack 
The power graph shown in figure 4.3  is reasonably similar with the power curve for commercial off the 
shelf fuel cell such as the one in reference  [26]. 
In summary: 
Total Voltage produced by  the Fuel Cell= Vout = VNerst + Vact + Vohmic + Vconc 
Total Power produced by  the Fuel Cell= Pout = Ncells x Vout x i x Acell                                                                                      
Therefore,  increasing the number of cells in the stack increases the voltage, while increasing the surface 
area increases the current. Also, the number of cells and area of each cell can be adjusted until require 
power is achieved. 
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D. Air System Design  
The second subsystem is the air subsystem. A fuel cell needs oxygen flow in order to produce electrical 
power (refer section 3.1), so the fuel cell stack is supplied with intake air by a compressor, depending on 
the desired operating pressure. The compressor allows greater concentration of oxygen per volume per 
time, and therefore increasing the fuel cell efficiency. The operating pressure of a fuel cell stack is usually 
between atmospheric pressure and 3 bars. The turbo compressor and the twin-screw compressor are the 
most investigated options due to their low weight and small size.  
The  power needed to drive the the compressor can be calculated using the following data: 
 Fuel Cell Output Power 1500 Watt 
 Hydrogen Pressure fed into the Fuel Cell at 5.07 bar (50.7 k Pa) 
 Air is fed to the stack using a screw compressor at 3.04 bar (30.4 k Pa) 
 Operating temperature 33oC 
 Average small compressor rotor speed factor= 300 rev/min K1/2 (from Spiegel Colleen PEM 
Modelling 2006)  
 Average Cell Voltage ( From Figure 4.4) =0.7 Volt  
 Ideal gas constant R= 0.286.  
 Specific Heat Constant= 1004 j/(kg C)  
The mass flow rate of air can be calculated first [14]: 
                                          Eq.16 
Where γ is the air stoichiometry value which is  often given as 1.5 [21] 
 
                                  Eq.17 
This should then be converted to the mass flow factor: 
                                                 Eq.18 
  
The mass flow factor helps to find the rotor speed factor and efficiency from many standard compressor 
performance charts. In this example, the rotor speed was given as 300 rev/min K1/2, and the efficiency is 
0.6. The power required by the compressor is : 
 = 19.4 Watt≈ 20 Watt 
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Therefore an additional 20 Watt battery is required in the system. This battery can be re-charged by the 
Fuel Cell during low flight periods. 
An air filter is also necessary to reduce the concentration of solid and/or gaseous pollutants particles in an 
airstream to a level that can be tolerated in the process or space occupancy.  A small air filter weights up 
to 200 gr to 300 gr, and has a volume between  100 cm3 to 300 cm3 [25]. 
E.    Water Management- Humidification and Heat subsystem  
A water management subsystem is needed to humidify the reactants for fuel cells operating temperature 
above 33 °C  .To ensure adequate conductivity and long life of the membrane, water must be supplied in 
sufficient amounts and distributed in a homogeneous way. There must be a balance though to avoid the 
flooding, or water blocking the pores of the electrodes. A humidifier adding moisture to dry air inside. 
This can be connected with the air compressor and the hydrogen canister. 
The electric efficiency of fuel cells is up to 60 % which means the remainder of the input energy is lost as  
heat. In order to maintain a constant temperature and physical stability of the fuel cell stack, the heat 
developed in the fuel cell stack needed to be transferred to a cooling circuit or suitable cooling fans can be 
used. 
F. On Board Hydrogen Storage Subsystem 
There are several means  for hydrogen storage including  compressed hydrogen gas, liquid hydrogen and 
metal hydrides. Compressed hydrogen gas and liquefied hydrogen storage were found to be the most 
viable options for hydrogen  fuel cell systems for UAS applications. The advantage of this type of storage 
is in rapid refueling rate, simplicity of hydrogen discharge, and charge / discharge cycle stability. 
However, the drawbacks are bulky storage and energy cost of production. The main challenge faced in the 
entire design was finding a small  hydrogen storage for the system as at present there are no suitable 
containers for large amount of hydrogen gas available. A  hydrogen container may holds the required 
amount of hydrogen, but may be large and overweight for this application. Scientist, engineers, 
researchers still trying to improve this equipment.  
To calculate the hydrogen storage requirement  we need to look at the powered required for the mission, 
Figure 4.4 shows the power curve for the UAS mission as describe in section 3. 
 
 
 
 
 
 
 
 
 
Figure 4.4. Power output from ICE engine at different waypoints [16] 
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In order to complete the required mission,  the fuel cell system must be capable of delivering the required 
power at the each waypoint shown in figure 3.2.   From figure 4.4 and from  reference [22]- (h1500 data 
sheet), total amount of hydrogen required for the 6.55 hours mission illustrated in section 3 is calculated. 
Table 3. Hydrogen flow rate for given range and duration 
Waypoints 
Average 
Power 
required (W) 
Duration 
(min) 
Hydrogen 
Flow (lts) 
1 to 2 670 1.78 14 
2 to 3 400 88.6 567.04 
3 to 4 500 3.65 23.36 
4 to 5 368.5 84.5 507.00 
5 to 6 250 3.66 11.00 
6 to 7 222.85 31.83 95.00 
7 to 8 472.85 3.33 21.4 
8 to 9 469 8.66 55.4 
9 to 10 254.65 0.66 3.00 
10 to 11 200 6.5 17.00 
11 to 12 250 57 114.00 
12 to 13 190 3 7.8 
13 to 14 250 118.5 355.5 
Total 
6.55 
hours 
1800 lts 
≈180 gram 
 
Note: One mole of an ideal gas = 22.4 liters, 1 mole of H2= 2.016 grams, 1 lt of hydrogen= (2.016/22.4) 
liters= 0.09 gr at STP  
Basic requirement for the hydrogen container can be summarized as:   
An off the shelf solid hydrogen storage canister (1800 SL) from InnergyPower can be used which meets 
the requirement stated in table 3 [26]. Details on the technical specification of the hydrogen are listed in 
table 4. 
 
 
 
    
          
 
 15 
Table 4. Technical Specification of 1800 SL Hydrogen Container [26] 
Hydrogen Storage Capacity 
(nominal) 
180g / 1800 Std. L 
Diameter 5.9in. / 15cm 
Length 11.8 in/ 30cm 
Weight 14lbs. / 2.5kg 
Rated Discharge 6 slpm / 600 watts 
Re-filling Charges in less than 8 hrs at 250 
psig in flowing ambient air. 
Operating Temperature 32-167°F / 0-75°C 
Storage Temperature -20-130°F / -29-54°C 
Fitting Female 1/8 NPT interface 
 
Safety is an important issue when using hydrogen. An explosive mixture can form if hydrogen leaks into 
the air from a tank or valve, posing a hazard to aircraft equipments, or others nearby. Commercially 
available sensors can detect the presence of hydrogen and then close valves, shut down equipment, or 
trigger alarms. These sensors can detect minor leaks can be found before concentration levels require full 
system shutdown.  [27] 
In summary, two preliminary designs were considered :  
 Fuel cell consists of 50 fuel cell stack inside with an area of 38.5 cm2 (section 3.4).  
 Design using a H-1500 from Horizon Fuel Cell Technologies 
In case of a) we need a  compressor, 20 Watt battery, Humidifiers, hydrogen container, the cooling fans 
and a protective casing to cover the whole system. 
In case b) we need an off the shelf  H-1500 that already  comes with cooling fans, humidifiers and a 
protective casing, so it only needs an air compressor and the 20 Watt battery to drive it. 
 
Figure 4.5 a. Weight Breakdown  System train for Horizon Technology’s H-1500 Total Weight: 
7768.96 gram≈7.8 kg without casing 
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Figure 4.5 b. Weight Breakdown  System train for Horizon Technology’s H-1500 Total Weight: 
9200 gram≈9.2 kg with the casing 
Both option mentioned above will slightly (by 3kg) overweight then the current Aerosonde UAV engine. 
So far of the investigation these are the minimum weights that can be discovered for a small longer 
endurance Aerosonde UAV.  
5. Fuel Cell system configuration on UAS 
Figure 4.6 shows that the Aerosonde Engine is mounted externally but since hydrogen is a flammable gas 
and the fuel cell is an electronic system and also its operation depends on the ambient temperature, so the 
original Aerosonde UAV need to be extend by 20 cm (shown in figure 4.6). 
A concept Aerosonde UAV with Fuel Cell and its auxiliary system is also shown in Figure 4.6 
5.  Fuel Cell simulation  
5.1 Aircraft simulation model 
Conduct a fuel cell system demonstration using MATLAB® Simulink® simulation environment 
combined with the AeroSim Blockset to test out the air-craft maximum level speed, climb performance, 
turn performance, field performance, range, duration and the endurance 
The Aerosonde UAV block contains a detailed model of an Aerosonde™ UAV, which consists of 
Aerodynamic, Propulsion, Atmosphere, Aircraft Inertia, Acceleration and Moments, Equations of Motion 
and Earth models.  The inputs into the Aerosonde UAV block are the aircraft control inputs (control 
surfaces, throttle, mixture ignition), and wind velocities.  The outputs of the block are the aircraft states in 
various coordinate systems and aircraft coefficients [21].  Many of these output values are used in the 
calculations of other blocks in the simulation model, while some are displayed for reference purposes, 
passed to Flight Gear for visualisation through the Flight Gear 0.9.2 Interface, or passed to the 
MATLAB® for further computations.
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5.  Fuel Cell simulation  
A. Aircraft simulation model 
A fuel cell system demonstration was conducted using MATLAB® Simulink® simulation environment 
combined with the AeroSim Blockset to test out the air-craft maximum level speed, climb performance, 
turn performance, field performance, range, duration and the endurance 
The Aerosonde UAV block contains a detailed model of an Aerosonde™ UAV, which consists of 
Aerodynamic, Propulsion, Atmosphere, Aircraft Inertia, Acceleration and Moments, Equations of Motion 
and Earth models.  The inputs into the Aerosonde UAV block are the aircraft control inputs (control 
surfaces, throttle, mixture ignition), and wind velocities.  The outputs of the block are the aircraft states in 
various coordinate systems and aircraft coefficients [21].  Many of these output values are used in the 
calculations of other blocks in the simulation model, while some are displayed for reference purposes, 
passed to Flight Gear for visualisation through the Flight Gear 0.9.2 Interface, or passed to the 
MATLAB® for further computations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Aircraft Simulation Model [13, 16] 
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Hydrogen flow per min at rated power output (figure 5.2) is expressed as: 
                                                                              eq 5.1 
Where P= power output, x= hydrogen flow l/min. 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. H-1500 Hydrogen flow lts per min at rated power output [12] 
A relation between throttle and H2 flow rate per minute is set as (figure 5.3 & eq 5.2): 
                                              eq 5.2 
 
 
 
 
 
 
 
 
 
Figure 5.3. Relation between Throttle and Hydrogen Flow rate min 
Equation 5.1 and 5.2 can be modeled into Aerosonde Simulink Blockset under Piston Engine block 
located under mask- Aerosonde UAV/ GA propulsion system. 
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Figure 5.4.  Simulink Blockset for equation 5.1 
A polynomial block giving the required coefficient (equation 5.2) is used as the hydrogen flow input 
shown in figure 5.5. The throttle input is controlled using a PID controller (figure 5.7) which changes 
with altitude where as seen figure 5.3 the maximum throttle input is limited to 1 and the minimum to 0.04 
by a saturation block shown in Figure 5.7. For the maximum throttle input of 1 the Fuel Cell delivers 
1422 Watt shown in figure 5.6 (marked with red arrows). 
 
 
 
 
 
  
 
 
 
 
Figure 5.5 Polynomial Block for equation 5.2 
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Figure 5.6 A throttle input of 1 the Fuel Cell delivers 1422 Watt 
After adding the blocks mention above, a final look of the adjusted Fuel Cell Engine Blockset is shown in 
figure 5.8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5.7 Throttle input with a PID controller [20] 
Altitude input 
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Figure 5.8 Adjusted Fuel Cell Engine Blockset 
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B. Simulation Results 
After running the adjusted Aerosonde UAV piston engine block, the altitude graph against time is shown 
below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Fuel Cell powered Flight test data 
 
The above graph matches the mission profile defined in Figure 3.2; hence it proves that the mission 
scenario described in Section 3 is completed. Figure 5.10 details the H2 used; 19.7 lts of H2 is used for 
duration of 106.8 seconds (1.78 minutes) –from WP1 to WP2, this is followed by a constant cruise of 
5400 seconds (90 minutes) - which is the journey from waypoint 2 to 3 where 567 liter of hydrogen is 
consumed. Then 24 lts are used for 220 seconds (3.67 minutes) and followed by completing the mission 
in 25000 seconds ≈ 6.55 hours; as seen in figure 2.2 &2.3 and as calculated in table2.1 and also shows 
that the 1800 SL hydrogen bottle mention in section 3.10 can be used to complete the particular mission.  
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Figure 5.10 Amount of Hydrogen consumed/sec 
 
Figure 5.11 shows the result of power output. It is seen that the aircraft uses about 1500 Watt while 
climbing (Waypoint-1 to 2) and maintains a constant power of 300 Watt to reach Waypoint 3, to reach 
waypoint 4 (1000m) the engine delivers approximately 1400 Watt and uses 300 Watt till it reaches 
waypoint 6; consequently as indicated in power requirements in section 3, the aircraft completes the 
mission by delivering the required power to reach all the required waypoints. 
Time in seconds 
Hydrogen 
Flow/sec 
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Figure 5. 11 Power output from the fuel cell 
 
C Effect of restricting the Fuel Cell maximum power below 1500 Watt 
To study the effect of restricting the power available and total H2 used, a relation between the throttle and 
H2 flow for a 1000 Watt output is set as: 
                                                                                               eq5.3                                                              
 Then the polynomial block shown in figure 5.5 is replaced with the coefficients of equation 5.3. The 
maximum throttle input is set to 1. For a throttle input of one, the Fuel Cell delivers 995.5 Watt and is 
shown in Figure 5.11. 
Power 
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Figure 5.11 A throttle input of one, the Fuel Cell delivers 995.5 Watt 
Comparing the results in Figure 5. 9 and 5.12, it is seen that there is an additional time to climb from 
waypoint 1 to 2 which is less than 0.05 seconds. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12 Flight test if the power is limit to 1000 Watt 
Additional time to reach Waypoint 2 
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This time delay increases until the limit is set to 500 Watt. For lower values, the result this time shows 
that the aircraft cannot complete the mission. The aircraft is not capable of reaching 1000m or 600m 
which are required to complete the whole mission.  The aircraft starts to drop from the first waypoint 1 
and can never reach waypoint two. Figure- 5.13 shows the altitude graph when the power is restricted to 
300 Watt. 
 
 
 
 
 
 
 
 
 
 
- 
 
 
Figure 5.13 Flight test if the power is limit to 300 Watt 
It is seen that, a FC system with a minimum power output of 1000 Watt and not more than 1500 Watt 
can be used for the particular mission. If the fuel cell power delivers less than 500 Watt then the 
mission cannot accomplish and will affect the overall aircraft performance. A minimum of 1800 
standard l ts of hydrogen is required to complete the desired mission. 
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6. Discussion  
Some of the challenges faced during investigation include 
• The cost of the fuel cell stacks itself and the cost of systems such as the auxiliary and control 
systems 
• The size and weight of the fuel cell stack and the auxiliary system 
• The demonstration of the fuel cell and its components. 
• The development of robust and efficient air, thermal and water management systems – these 
approach are complex although in section 4 it was mention that a compressor, humidifier, cooling 
fans can be used but the connection of these components were not mention precisely the heat, 
water distribution through a fuel cell stack needs accurate temperature, water control   in order of 
the system to run efficiently. 
• The development of cost-efficient solutions for on-board as well as off-board hydrogen storage 
Voltage Losses in a PEM Fuel Cell system:  
The main losses take place in the PEM Fuel Cell and can be divided into three parts: 
• Activation over potentials at the cathode and at the anode - these are losses due to a reaction 
energy barrier. The activation over potential is larger at the cathode since the cathode reaction    is 
slow relative to the anode reaction at low current densities. 
• Concentration over potentials - this refers to losses due to limitations in available reactants, i.e. 
mass transport limitations, at high current densities. 
• Ohmic resistance - this entails losses due to electrical resistances in the membrane, bipolar plates 
and also in the external circuit. 
These resistances are dependent on fuel cell system parameters such as pressure, temperature, water 
content and current density. 
Fuel cell demonstration: 
One of the aims of this project was to develop a general and flexible fuel cell system model. The finished 
model was then used in MATLAB/AeroSim-Blockset. Calculation and analysis shows with an 1800 SL 
Hydrogen Canister, small UAV fulfills a 400km, 6.55 hour journey with a Fuel Cell engine which can 
cost around AUD $5125.00. This computer simulation of the Aerosonde UAV is merely a cost effective 
way of experimenting the flight endurance. However a real life experiment is necessary to achieve the 
accurate feasibility of the Fuel Cell system. Further practical analysis of such system is highly 
recommended as one of the important task in the future. 
 
Requirements for a successful implementation of Fuel Cell Vehicles: 
Cost and service life is the two most pressing concerns that must be solved before a successful 
commercialization can take place. Therefore they warrant a more detailed discussion. Today’s low-
volume production cost of fuel cells is between US$ 2,000- 5,000/kW. To compete commercially, 
however, the cost of a fuel cell power train must approach that of an ICE, approximately US$ 35/kW 
[20]. As the technology is maturing, an increased effort should be on field tests of the fuel cell 
technology, e.g. fuel cell UAV fleet trials, to collect data and identify any hurdles of the everyday use of 
the technology. In parallel to the research and development of the fuel cell system and fuel cell vehicle, 
the lack of a retail hydrogen infrastructure needs to be addressed. Work on codes and standards are also 
needed to eliminate a potential regulatory barrier to market introduction later on. The codes and standards 
development needs to address aspects such as hydrogen safety and production, storage, distribution and 
end-user applications. 
Also, information and education on hydrogen and fuel cell technology is important to gain public 
acceptance.  
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Appendix 
Piston Engine Block highlighted in green color is only modified 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1.  Aircraft Simulation Model-Under mask- Aerosonde UAV 
GA propulsion highlighted in green color is only modified  
 
 
 
 
 
 
 
 
 
 
 
Figure A2 Aircraft Simulation Model-Under mask- Aerosonde UAV/ GA Propulsion system 
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MATLAB SCRIPT 
%%Calculating the Voltage output voltage and the power for a given number and area of fuel cell 
stacks%%%%%%% 
 
%% Inputs 
 
R= 8.314;            %% Ideal gas constant 
F= 96487;            %% Faraday's constant 
Tc= 80;              %% Temperature in degrees C 
P_H2=5;              %% Hydrogen pressure in atm 
P_air=3;             %% Air pressure in atm 
A_cell= 38.5;         %% Area of cells 
N_cells=50;           %% Number of cells 
r=0.19;              %% Internal resistance 
Alpha=0.5;           %% Transfer coefficent 
Alpha1=0.085;        %% Amplification coefficent 
io= 10^-6.912;       %% Exchange current density 
il= 1.4;             %% Limiting current density 
Gf_liq=-228170;      %% Gibbs function in liquid form 
k=1.1;               %% Constant k used in mass transport 
 
%% Convert degress C to K 
 
Tk= Tc+ 273.15; 
 
%% loop for current 
 
loop=1; 
i=0; 
for N=0:150 
i= i+ 0.01; 
% Cacluation of saturaion of water 
 
x=-2.1794 + 0.02953.*Tc-9.1837.*(10^-5).*(Tc.^2)+ 1.4454.*( 10.^-7).*(Tc.^3); 
P_H2O=(10.^x); 
 
% Calculation pressure of hydrogen 
pp_H2=0.5.*((P_H2)/(exp(1.653.*i/(Tk.^1.334)))-P_H2O); 
%% Calculation of partial pressure of oxygen 
pp_O2= (P_air./exp ( 4.192.*i/(Tk.^1.334)))-P_H2O; 
 
%% Activation losses 
b= R.* Tk/(2.*Alpha.*F); 
V_act=-b.*log10(i./io); 
 
%% Ohmic losses 
V_ohmic=-(i.*r); 
%% Mass Transport losses 
expression=(1-(i./il)); 
if expression> 0 
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V_conc= Alpha1.*(i.^k).*log(1-(i./il)); 
else 
    V_conc=0; 
    end 
%% Calcualtion of Nernst voltage 
E_nernst=-Gf_liq./(2*F)-((R.*Tk).*log(P_H2O./(pp_H2.*(pp_O2.^0.5))))./(2.*F); 
%% Calcualtion of output volatage  
V_out=E_nernst+V_ohmic+V_act+V_conc; 
if expression<0; 
 V_conc=0; 
 break 
end 
if V_out<0; 
 V_out=0; 
 break 
end; 
figure (1) 
title (' Fuel cell polarization curve') 
xlabel (' Current density (A/cm^2)'); 
ylabel (' Output voltage (Volts)'); 
plot (i,V_out,'*'); 
grid on 
hold on 
disp(V_out); 
% Calcualtion of powers 
P_out=N_cells.*V_out.*i.*A_cell; 
figure(2) 
title (' Power generated by 90 fuel cell stack with an area of 100 cm^2') 
xlabel (' Current density ( A/cm^2)'); 
ylabel ('Power( Watts)'); 
plot (i,P_out,'*'); 
grid on 
hold on 
disp (P_out); 
end 
     
 
